The electroluminescence of a polythiophene wire suspended between two metallic electrodes is probed using a scanning tunneling microscope. Under positive sample voltage, the spectral and voltage dependencies of the emitted light are consistent with the fluorescence of the wire junction mediated by localized plasmons. This emission is strongly attenuated for the opposite polarity. Both emission mechanism and polarity dependence are similar to what occurs in organic light emitting diodes (OLED) but at the level of a single molecular wire.
The electroluminescence of a polythiophene wire suspended between two metallic electrodes is probed using a scanning tunneling microscope. Under positive sample voltage, the spectral and voltage dependencies of the emitted light are consistent with the fluorescence of the wire junction mediated by localized plasmons. This emission is strongly attenuated for the opposite polarity. Both emission mechanism and polarity dependence are similar to what occurs in organic light emitting diodes (OLED) but at the level of a single molecular wire. Controlling the luminescence of a single molecule directly bridging metallic electrodes is a challenging key issue towards molecular optoelectronics [1] . Recent experiments based on non-imaging methods have shown that the electroluminescence of complex molecular-nanotube [2] and metallic nano-cluster [3] junctions can be excited. Reaching a deeper understanding of these mechanisms requires atomic scale control of the geometrical parameters of the molecular junction while simultaneously monitoring electronic and optical characteristics [4] . In a pioneering experiment [5] , a scanning tunnelling microscope (STM) was used to excite with atomic-scale accuracy the fluorescence of a single molecule separated from the electrodes by thin insulating layers. While such a weak electrode-molecule coupling is highly favourable for the observation of molecular fluorescence [5] [6] [7] [8] [9] , a direct connection to the metallic leads is desirable towards integration into molecular scale circuits. To this end, the light emission from atomic [10, 11] and molecular contacts [12] was recently probed, revealing the influence of the current shot noise at elevated conductances. In such highly coupled cases, however, luminescence mechanisms intrinsic to the molecule are quenched because of the strong hybridization with the electrode states [13] [14] [15] .
Here we use the tip of a scanning tunnelling microscope to controllably lift a unique π-conjugated polymer chain from a Au(111) surface [16] . In this configuration, both extremities of the π-conjugated wire are directly connected to the electrodes, whereas a long part of the polymer chain is suspended in the junction. Under positive sample bias, light is emitted at the wire junction. Optical spectra reveal a broad resonance whose maximum does not shift with voltage. Based on a simple model, and in agreement with predictions [17, 18] , this emission is traced back to the recombination of electrons injected from the tip in the lowest unoccupied molecular orbital (LUMO) with holes injected from the sample in the highest occupied molecular orbital (HOMO) of the wire junction, showing that direct molecule-electrode coupling and fluorescence can be associated in a single molecular junction. For the opposite polarity, the photon intensity is strongly reduced (quantum yield attenuated by a factor 10
3 ). Our model suggests that this behaviour is due to the non-centred HOMO-LUMO gap respectively to the Fermi level of the electrodes at zero voltage, and from the slight asymmetry between the wire/tip and wire/substrate coupling strength. Both emission mechanism and polarity dependence are consistent with the behaviour of a single polymer light emitting diode. Finally, surface plasmons localised at the tip-sample cavity, which are known to amplify inelastic electronic transitions in noble metal STM junctions [15] , reveal some unexpected interactions with the wire optoelectronic properties.
The experiments were performed with an Omicron STM operating at 4.6 K in ultrahigh vacuum. The setup was adapted to light emission measurements following the design developed in [19] . In this setup a lens (fnumber = 1.5) is fixed to the STM head so that the tip-sample junction can be precisely located at the lens focal point. The collimated light is redirected through an optical viewport outside of the vacuum chamber and is refocused on an optical fibre bundle. The fibre bundle is connected to a detection unit composed of a grating spectrograph (Princeton Instruments Acton Series SP-2300i) and a liquid nitrogen cooled CCD camera (Princeton instruments PyLoN-100BR-eXcelon). An overall 1.5% detection efficiency is estimated at 500 nm. Au(111) samples and etched W tips were sputtered with argon ions and annealed. To increase their plasmonic response, the STM-tips were covered with gold by micrometer-scale indentations into the sample. The on-surface synthesis of polythiophene nanowires is detailed in [20] . Differential conductance spectra were acquired for a fixed tipsample distance using lock-in detection (RMS amplitude We start by discussing the procedure used to suspend an individual polythiophene wire (Fig. 1a) in the junction. The STM tip is first located atop one extremity of the polymer deposited on a Au(111) surface [20] , then approached to the wire up to the formation of a contact, and retracted to its initial position while constantly recording the current traversing the junction. The success of the procedure is attested by the substantially changed slope upon retraction (Fig. 1b) . Periodic current "jumps" occuring during the lifting procedure are associated to the successive detachments of thiophene units from the surface. Despite these abrupt conductance changes the overall conductance traces can be fitted as G(z) ∝ G c exp(−βz), where G c is the conductance at contact, z is the tip-sample distance, and β reflects the ability of the wire to transport current [21] . For a sample voltage V = 0.1 V, we find β = 0.40 ± 0.08 A −1 , in good agreement with predictions [22] . At higher voltages a lowering of β is observed (Fig. 1b) . dI/dV spectra recorded for different suspended polymer lengths (Fig. 1c) ) plasmon-corrected spectra of the light emitted by a polythiophene wire suspended in the STM junction for different voltages (1 nA < I < 5 nA). To prevent damages to the wire due to an increased current at elevated voltages, the spectra were acquired at z = 3 nm (V = 1.4 V and V = 1.6 V), z = 4 nm (V = 1.8 V and V = 1.9 V) and z = 5 nm (V = 2 V and V = 2.2 V). The corresponding plasmon amplification function Γ (hν) is shown (dots) in (a). The spectrum at V = 1.4 V was scaled by a factor 5 in (a). As expected for electroluminescent processes [10] , the energy of the photons does not exceed the energy of the electrons (hν < eV ), explaining the cut-off (vertical dashes) at the highenergy edge of the spectra.
other at ≈ 1.25 V which progressively disappears when the tip is retracted because of the weaker current (see also supplementary section S1 [23] ), and a more intense resonance around 2 V. At this stage it is impossible to assign a LUMO or HOMO origin to these resonances. Indeed, both extremities of the wire are directly coupled to the electrodes (Fig. 1e) and the voltage partially drops at each interface (assuming no voltage drop along the wire itself [24] ) causing a displacement of the HOMO and LUMO states in the dI/dV spectra respectively to their positions at V = 0. As reported for graphene nanoribbons [21] , we can see that the reduction of β with V occurs when the voltage reaches a dI/dV resonance (dots in Fig. 1c ). This effect results from the cross-over from non-resonant to resonant transport regime [21, 25] .
We now turn to the electroluminescent properties of the suspended polymer. In figure 2a we display optical spectra acquired at different voltages for the molecular wire probed in Fig. 1c . For V = 1.4 eV, the quantum yield of the emission process is in the order of 10 −7 photon/electron and gradually rises to ≈ 10 −5 at higher voltage (Fig. 1d) due to the larger emission bandwidth. For the opposite polarity (V = -1.4 V and V = -1.6 V) and the same tip-sample distances, an extremely weak emission (≈ 10 −9 photon/electron) is detected. As demonstrated below, this strong variation of the emission efficiency with polarity indicates that the wire states are involved in the luminescence process.
In STM-induced light emission from noble metal electrodes, plasmons localized at the tip-sample junction [15] strongly amplify any radiative transition. The energy dependence of this amplification (Γ (hν) in Fig. 2a) can be deduced from optical spectra of the pristine junction (supplementary section S2 [23] ). Assuming that Γ (hν) does not significantly change with tip-sample distance (see supplementary section S3 [23] ), the impact of the plasmons on the shape of the spectra can be corrected by normalizing each spectrum by Γ (hν) [26] . For the polythiophene junctions, the corrected spectra (Fig. 2b) reveal the progressive apparition with voltage of a broad resonance centred at 1.8 eV. Interestingly, this resonance does not shift with voltage for V > 2 V. Mechanisms where electrons decay from the wire states directly to states of the electrodes, or vice versa, cannot account for this observation (see supplementary section S4 [23] ). This observation rather suggests an emission associated to electrons decaying from one molecular state to another [5] . To confirm this assertion we build up a two Gaussian level model whose parameters at V = 0, given in figure 3a, are justified below. In figure 3b and c (see also supplementary section S5 [23] ), we see how the electronic properties of this junction evolve as a function of voltage. For a high enough positive voltage (Fig. 3b) , and an appropriate voltage drop at the wire-substrate (Vd s ) and wire-tip (Vd t ) interfaces, electrons injected in the LUMO may recombine with holes injected in the HOMO [27] . In a simple approximation where the number of emitted photons (N ) scales with the available inelastic transitions between two partially occupied states (case of Fig. 3b) , the spectral and voltage dependencies of this emission follow
(1) where f L and f H are Gaussian functions representing the LUMO and HOMO states
, W = 0.155 eV is the width of the molecular orbitals as deduced from the experimental dI/dV spectra (Fig. 1c) , and E i the energy of the state i at V = 0. For Vd t /Vd s = 1.5, E H = -0.6 eV and E L = 1.2 eV, the simulated optical spectra (Fig. 3d) are in very good agreement with the experimental data (Fig. 2b) . Our model further explains the absence of emission at negative voltages (Fig. 3c) . Indeed, in this case a high negative voltage (≈ -3 V) is required to shift the LUMO below the Fermi level of the sample (supplementary section S5 [23] ). For sake of consistency, we compare for the same parameters a calculated (see supplementary section S6 [23] ) and an experimental dI/dV spectrum acquired with the same suspended wire (Fig. 3e) . The good match between these spectra enables the assignment of the HOMO and LUMO orbitals (Fig. 3e) and further validates the electrofluorescence model. These parameters are also consistent with simulations based on density functional theory (see supplementary section S7 [23] ) which support our interpretation. As theoretically predicted [17, 18] , these results show that the asymmetric position of the HOMO-LUMO gap with respect to E F at V = 0 and the asymmetric voltage drop repartition at the interfaces are decisive for the emission properties of the junction.
At a first glance, our model looks similar to what has been reported for double tunneling junction experiments where the molecular emitter is separated from the two electrodes by thin insulating layers [5, 7, 9] . Indeed, in both cases the voltage drops partially on each side of the molecule which provides the adapted energy configuration (Fig. 3b) for fluorescence.
However, the direct connection between the molecule and the electrodes in our experiment broadens the orbitals of the conjugated wire. This explains why the fluorescence spectra (Fig. 2b) exhibit broad features rather than sharp resonances. In that sense, the registered optical spectra are characteristic of the overall junction (i.e. wire and contacts) and not of the isolated wire.
Other polythiophene wires reveal equivalent emission properties (Fig. 4a) , except for a slight shift of the fluorescence maximum (1.85 eV ± 0.15 eV). Similar shifts are reported in fluorescence spectra of polythiophene in solution or in thin film (from 1.6 eV to 2.2 eV) [28] [29] [30] . Conformational changes of the wires are known to impact the electron delocalization length and consequently the emission wavelength [31] . We speculate that this is also the case in our experimental configuration, where the suspended wires may adopt different conformations (e.g. tilting of bases) depending on the details of the lifting procedure. Experimental data provided in supplementary section S8 [23] corroborate this interpretation. However, distinct emission properties are observed (Fig. 4c) when the plasmon resonance maximum is centred at the same energy than the wire fluorescence (resonant condition). In this case, the plasmon-corrected spectrum reveals either no, strongly blue or red shifted resonances. This striking behaviour suggests that, for resonant conditions, more complex interaction mechanisms occur between the plasmon modes and the wires states. Strong coupling between the emitter and plasmon modes [32] as well as plasmon assisted excitations of the emitter [33] are possible explanations.
Finally, it is interesting to discuss the absolute efficiency of the overall emission process (Q ≈ 2.5 × 10
photon/electron at V = 2.2 V) in the scope of the linewidth of the light emission peak (W f ≈ 0.25 eV at V = 2.2 V). From this last parameter we can deduce the lifetime of the excited state (τ ex = /W f ≈ 2.6 fs) which depends on all the possible radiative and non-radiative des-excitation channels of the molecular junction [34] . As deduced from the low emission efficiency, the lifetime of the non-radiative decay channels (τ nonrad ) is much shorter than the radiative ones (τ rad ), and τ ex ≈ τ nonrad . Since the emission efficiency verifies Q ≈ τ nonrad /τ rad , we can estimate the lifetime for the junction emission τ rad ≈ 100 ps. This value corresponds to the ratio between the intrinsic fluorescence lifetime of the wire junction and an amplification factor linked to localized plasmons [34] . Overall, τ rad is approximately an order of magnitude shorter than the radiative lifetime of polythiophene in solution [28] , suggesting a plasmonic amplification of ≈ 10 [35].
Our results shed light on the electroluminescent properties of single molecules bridging metallic junctions. They confirm previous theoretical works [17, 18] which predict that appropriate molecule-electrode connections may allow for intramolecular radiative transitions. We demonstrate that these transitions are directly affected by the wire conformation, the interface-induced broadening of the molecular states and plasmon modes localized at the STM junction. In the scope of future applications, the polarity dependence of the emission is another remarkable property of the presented wire junctions. This strong similarity with OLEDs paves the way towards sin -FIG. 4. (a) Plasmon-corrected light emission spectra of different wire junctions (I = 1.5 nA, 0.5 nA and 0.5 nA for spectra 1, 2 and 3 respectively) and (b) their respective plasmon amplification functions Γ (hν) for non-resonant plasmon-emitter conditions. The Γ (hν) spectra all show a resonance around 1.6 eV, excluding an influence of the plasmons on the shifts observed in (a). The data in (c) (I = 1.5 nA, 1 nA and 1 nA for spectra 1, 2 and 3 respectively) and (d) pertain to other set of measurements where resonant plasmon-emitter conditions were observed. The vertical dashes mark the eV = hν quantum cut-off.
gle molecular optoelectronic components.
